[1] We present observations from deployments of a microstructure turbulence instrument (the Towed Microstructure and Auxiliary Sensor Instrument) aboard a pumping profiling vehicle (the Lamont Pumping SeaSoar) towed behind a research vessel at the New England shelf break front in August 2002. From these we determined coincident fine-scale vertical eddy diffusivity and gradients of nitrate, phosphate, and silicate on several transects spanning the front. We then quantified vertical turbulent nutrient fluxes through the base of the euphotic zone (defined as the 1% light level), the base of the density transition zone, maximum nutrient gradients (the nutriclines), and the depth of maximum stratification (the pycnocline). Vertical eddy diffusivity estimates spanned a wide range from near-molecular levels at the pycnocline to values exceeding 10 À3 m 2 s À1 at depth and in the surface layers. Vertical nutrient fluxes were maximal at the 1% light level and decreased by 2 orders of magnitude as they moved upward through the water column to the depth of the pycnocline. Nutrient fluxes were enhanced shoreward of the front because of high mixing rates and nutrient gradients at the depth of the 1% light level. Nitrate fluxes there averaged about 6 Â 10 À5 mmol N m À2 s À1 , sufficient to support a net community productivity of 30 mmol C m À2 d À1 . Seaward of the front, these fluxes averaged about 1 Â 10 À5 mmol N m À2 s À1 and would support correspondingly lower productivity. A small part of the upward flux appeared to support a silicifying community of phytoplankton that consumed phosphate in proportion to nitrate at about double the canonical Redfield stoichiometry.
[1] We present observations from deployments of a microstructure turbulence instrument (the Towed Microstructure and Auxiliary Sensor Instrument) aboard a pumping profiling vehicle (the Lamont Pumping SeaSoar) towed behind a research vessel at the New England shelf break front in August 2002. From these we determined coincident fine-scale vertical eddy diffusivity and gradients of nitrate, phosphate, and silicate on several transects spanning the front. We then quantified vertical turbulent nutrient fluxes through the base of the euphotic zone (defined as the 1% light level), the base of the density transition zone, maximum nutrient gradients (the nutriclines), and the depth of maximum stratification (the pycnocline). Vertical eddy diffusivity estimates spanned a wide range from near-molecular levels at the pycnocline to values exceeding 10 À3 m 2 s À1 at depth and in the surface layers. Vertical nutrient fluxes were maximal at the 1% light level and decreased by 2 orders of magnitude as they moved upward through the water column to the depth of the pycnocline. Nutrient fluxes were enhanced shoreward of the front because of high mixing rates and nutrient gradients at the depth of the 1% light level. Nitrate fluxes there averaged about 6 Â 10 À5 mmol N m À2 s À1 , sufficient to support a net community productivity of 30 mmol C m À2 d À1 . Seaward of the front, these fluxes averaged about 1 Â 10 À5 mmol N m À2 s À1 and would support correspondingly lower productivity. A small part of the upward flux appeared to support a silicifying community of phytoplankton that consumed phosphate in proportion to nitrate at about double the canonical Redfield stoichiometry.
Introduction and Background
[2] The New England shelf break front separates cold, fresh, low-clarity shelf water from warm, salty, clear slope water. It has long been recognized as a region of elevated biomass [Malone et al., 1983; Houghton and Marra, 1983; Marra et al., 1990] . This elevated biomass has been linked to physical concentration mechanisms [e.g., Ryan et al., 1999a] and to enhanced growth rates [Marra et al., 1990] . This front has long been considered a region of high biological productivity on the basis of remote sensing and in-water observations [Malone et al., 1983; Houghton and Marra, 1983; Ryan et al., 1999b] , but the mechanisms supporting this are unclear. The notion that convergence at the front serves to physically concentrate biomass, without any increase in cell-specific growth rates, has been supported by some observations of meanders in the shelf break jet [Ryan et al., 1999a] . Contrastingly, Marra et al. [1990] hypothesized that the combination of shelf waters high in nutrients but low in optical clarity and stratification with slope waters depleted in nutrients but well stratified and clear led to optimal illumination, stability, and nutrient conditions for enhanced specific growth rates. The modelbased results of Gawarkiewicz and Chapman [1992] and Chapman and Lentz [1994] , bolstered by the deliberate tracer release and high-resolution survey work of Houghton and Visbeck [1998] , offered a new possibility, namely, that upwelling at the base of the front might supply nutrients to plankton in illuminated waters at the front through advection.
[3] To examine the possibility of an advective supply of nutrients, we performed high-resolution surveys of the biogeochemistry and physics of the New England shelf break front during summer 2002. Composite cross-frontal sections for June and August, representing the mean state of the hydrography of the front during those two time periods, are presented by Hales et al. [2009] . The first-order interpretation of that work was that the biomass and, presumably, the productivity were largely controlled by one-dimensional vertical processes. Biomass maxima were well correlated with features such as stratification and limiting-nitrate horizons. In August, we added microstructure measurements of turbulence to the measurement suite and combined these with the nutrient measurements of Hales et al. [2009] to quantify the vertical turbulent flux of nutrients to productive layers. These flux estimates are described and discussed below.
Experimental Setting and Methods

Experimental Setting
[4] The field experiments in June and August 2002 are discussed in detail by Hales et al. [2009] . Here we focus on three transects of the front that were executed on 11 August (Figure 1 ), during which we crossed the front three times between the hours of 0800 and 2000 LT.
Lamont Pumping SeaSoar
[5] Data were collected using the Lamont Pumping SeaSoar (LPS) towed undulating vehicle [Hales and Takahashi, 2002] , modified as described by Hales et al. [2009] . This towed vehicle undulated between depths of approximately 5 and 75 m at a nominal dive/climb rate of 0.4 m s
À1
. At the nominal 6 knot (3 m s
) towing speed of the ship, roughly two vertical profiles were completed within each kilometer along track. Given the sawtooth shape of the vehicle track, however, and the resulting depthvariable sample spacing, it is probably best to assume that the along-track resolution of the LPS is nominally 1 km. The LPS carried an array of sensors for in situ measurements of physical and bio-optical parameters. Of particular relevance to this paper were the Sea-Bird 9+ conductivitytemperature-depth -based measurements of temperature, salinity, and depth, the WETLabs WETStar chlorophyll fluorometer, and the Biospherical QSP200L logarithmic photosynthetically active radiation (PAR) sensor. In addition, the LPS carried a pump that delivered seawater samples to the shipboard laboratory. Analytical measurements of nutrients (nitrate, phosphate, and silicate presented here) were made in a split of the seawater stream delivered to the ship through the tow cable by the pump aboard the LPS. Nutrients were analyzed following the high-speed flow injection analyses described by , modified for continuous segmented flow as described by . Measurement times were corrected for analytical lags of the individual systems and the sampling lag between LPS vehicle and shipboard laboratory and placed in the context of the in situ measurements (following Hales and Takahashi [2002, 2004] and Hales et al. [ , 2005 ). Lag times here and in earlier publications were estimated to have uncertainties of less than ±2 s, corresponding to less than ±1 m uncertainty in vertical position. Measurement frequencies for nitrate, silicate, and phosphate were approximately 0.9, 0.8, and 0.6 Hz, respectively. Analytical response times for these measurements were $7 s, similar to the estimated smoothing associated with sample delivery through the towing cable [Hales and Takahashi, 2002] .
Microstructure Measurements
[6] On this and selected other surveys, we mounted the Towed Microstructure and Auxiliary Sensor Instrument (TOMASI) aboard the LPS. TOMASI is a version of the Vertical Microstructure Profiler [Rainville and Winsor, 2008] , built by Rockland Scientific International (RSI), that measures turbulence-scale temperature with a FP07 fast response thermistor, conductivity with a Sea-Bird microconductivity probe (SBE-7), and velocity shear with probes supplied by RSI (SPM38). The data are transmitted in real time to a data acquisition computer on the ship. During this first set of deployments, there were no velocity shear sensors, and the microconductivity circuit and sensor were not working properly. Thus, the data from the fast thermistor were used to estimate the turbulent mixing rate. The temperature microstructure was recorded as the signal plus its derivative [Mudge and Lueck, 1994] at 512 Hz. The variance of the temperature (spatial) gradient was obtained by integrating the temperature derivative spectrum for each 1 s block and using the LPS speed through the water to convert the temporal gradient to a spatial gradient. We used this temperature gradient variance to estimate the thermal variance dissipation rate, c T = 6 D(dT/dx) 2 , where D is the thermal molecular diffusivity, 1.49 Gregg [1999] has questioned the use of this thermistor at high fall rates ($1 m s À1 ), Rainville and Winsor [2008] have shown good agreement with c T estimates based on coincident microconductivity measurements at these high fall rates. As a check of how much temperature gradient variance was not resolved, the method of Washburn et al. [1996] was used. An estimate of the turbulent kinetic energy dissipation rate, e, was made by assuming that the overturning scale L O , the average temperature fluctuation for a 1 s block divided by the mean vertical temperature gradient, is equivalent to the buoyancy or Ozmidov scale (e/N 3 )
1/2 , where N is the local buoyancy frequency. Itsweire [1984] has shown that the overturning scale is of the same order as the Thorpe scale [Thorpe, 1977] , and many studies [e.g., Dillon, 1982; Moum, 1996; Klymak et al., 2008] have shown that the Thorpe scale is approximately the same as the Ozmidov scale. With the intermittent nature of turbulence, the estimate of e based on this method is only an order of magnitude estimate [Washburn et al., 1996] . With this dissipation rate estimate, the fraction of the Batchelor spectrum [Batchelor, 1959] resolved by the thermistor could be determined. This allowed us to estimate a ''correction factor'' that ranged from 1 to about 7 (95% confidence interval) for the data presented below, well within the order of magnitude level uncertainties in estimation of e by this approach. Technically, we could have increased our c T estimates (and resulting diffusivities) by this factor, but we decided to keep our estimates conservative and simply state that our mixing rates may represent a lower estimate of the true turbulent mixing. The correction factor showed no coherent spatial structure or any correlative relationship to any of the other properties or depth horizons discussed here. The spatial structure of diffusivities using this correction factor is thus similar to that of the diffusivities used here, and the interpretation of the relative patterns is unaffected.
Gridded Sections
[8] Individual cross-frontal sections were transformed into uniformly spaced gridded representations following the approach of Hales et al. [2006 Hales et al. [ , 2009 and . Briefly, actual data were transferred into grids with horizontal and vertical resolutions of 222 and 0.5 m, respectively. Grid cells were filled on the basis of an inverse distance squared averaged weighting scheme, where horizontal distances were scaled relative to vertical distances by a factor of 0.001 (points 0.5 m distant in the vertical were weighted equivalently to points weighted 500 m distant in the horizontal). Data within 5 km horizontally and 5 m vertically of each grid cell were included in the weighted average, and points at the outer limits of these distances were weighted 100 times less than data located within the grid cell. Gridded sections are presented as distributions of each property in depth and cross-frontal distance, where the location of the front is chosen as the seawardmost occurrence of the 9°C isotherm, following Hales et al. [2009] . This definition of the front, while operational, was simple and robust and coincided with the position of the frontal jet, as realized by acoustic Doppler current profiler (ADCP) velocity profiles, and the position of greatest cross-shelf property gradients. During this cruise the front was centered approximately on the 200 m isobath (Figure 1 ).
[9] Since turbulence is highly intermittent, any estimation of mixing rates requires using average values of microstructure dissipation rates. In order to maintain the spatial resolution and structure of the frontal region, we produced and present the composite of the three front crossings, after the individual sections were shifted to account for the small variability in the position of the front. This results in some cross-track averaging of the properties presented but an increase in the along-track data density, as multiple surveys are collapsed into one composite.
Derived Parameters
[10] Some parameters were calculated from the gridded sections. Distributions of vertical nutrient and temperature gradients and the square of the Brunt-Väisälä frequency (N 2 ) were determined by a two-pass process in which gradients were first calculated using a centered, third-order polynomial fit to the gridded data from 2 m below to 2 m above each grid cell. Gradients that fell below analytical resolution over that depth range were recalculated using a vertical span of 4 m below to 4 m above the chosen grid cell.
[11] Euphotic and pycnocline depths were determined as described by Hales et al. [2009] . Briefly, euphotic depths were determined as the depth by which 4.6 e-folding scales (1% light level) had been reached, by integrating the K PAR data calculated from in situ PAR measurements made with the sensor mounted atop the LPS. A spectral model of seawater light attenuation (Morel and Maritorena [2001] as represented by Strutton and Chavez [2004] ) was used to calculate attenuation in near-surface waters that the LPS did not sample. The 1% light level here corresponds to a daily integrated irradiance of about 0.5 mol quanta m
À2
, using either the clear-sky surface irradiance predicted for this location and time [e.g., Letelier et al., 2004; Vaillancourt et al., 2005] or the quantitatively consistent surface irradiance measured with shipboard PAR sensors on this cruise (maximum noontime irradiances of about 2500 mmol quanta m À2 s À1 ; data not shown). The irradiance at the 1% light depth calculated here is at the lower end of that sufficient to support net photosynthetic nutrient uptake [e.g., Marra, 2004] , and this depth horizon is a reasonable lower boundary of the photosynthetic layer. Pycnocline depths were determined from the vertical maxima in N 2 distributions calculated as described above. The threshold of N 2 = 2.8 Â 10 À4 s
(N = 60 cycles h
À1
) was operationally chosen as the value defining the shallowest and deepest positions of the density transition zone [Johnston and Rudnick, 2009] . Nutricline depths were chosen as the depths of the maximum vertical nutrient gradients.
[12] The diapycnal turbulent mixing rate, k T , was determined using the Osborn and Cox [1972] assumption that the temperature variation dissipation rate is balanced by the variance production rate by the turbulent flow acting on the mean temperature gradient, or, explicitly,
Because this estimation of turbulent mixing is unreliable for very small vertical temperature gradients, we limited calculation to situations where absolute vertical temperature gradients were >0.01°C m À1 . This corresponds to about 5 -10 times the calculation uncertainty in the vertical temperature gradient, given the resolution of the temperature sensors and the smoothing associated with the gridding and differentiation procedures. This limit minimizes erroneously high calculations of k T in regions with vertical temperature gradients that approach our uncertainty limits.
[13] We also calculated turbulent mixing rates from the estimates of e (described previously) and N 2 (following Osborn [1980] ), and these yielded consistent patterns and magnitudes of mixing rates. As a final check, we calculated gradient Richardson number distributions derived from our N 2 values and vertical shear calculated from shipboard ADCP data, and estimated mixing rates using the LOAM (N. Naik, The Lamont Ocean Atmosphere Mixed-layer model, LOAM documentation, http://rainbow.ldeo.columbia.edu/ climategroup/loam) modification of the Pacanowski and Philander [1981] approximation, as described by Robertson [2006] . These results are again consistent with the k T values but do not contain the detailed vertical structure of those obtained with the in situ microstructure measurements and are not presented here.
[14] Nutrient fluxes were calculated from
where C nut is the concentration of the nutrient in question. Flux calculations were performed only for conditions for which the individual nutrient gradients were far above the resolution of the calculation. We did this to limit the generation of erroneously large fluxes that resulted from the rare coincidence of large values of k T with small, poorly constrained vertical gradient estimates. For nitrate and silicate gradients, this cutoff was 0.04 mmol m À3 m
; for phosphate, it was 0.002 mmol m À3 m
. These thresholds correspond to about 5 -10 times the calculation uncertainty in this term, given the resolution of the chemical analyses and the smoothing associated with the gridding and differentiation procedures.
Results
[15] The basic hydrographic properties observed in these sections are similar to those presented by Hales et al. [2009] . Cross-frontal temperature, density stratification (expressed as buoyancy frequency squared, or N 2 ), and nitrate (NO 3 À ) sections (color maps in Figure 2 ) are all in good agreement with the distributions of those properties (light gray contours in Figure 2 ) determined from the composites of all 14 of the cross-shelf sections that were carried out in the cruise. The N 2 distribution shows a very shallow mixed layer overlying a density transition zone [Johnston and Rudnick, 2009 ] of intense stratification, in turn overlying a region of decreased stratification at depth. This shows the pattern described by Hales et al. [2009] of shallower density transition zone depths shoreward of the front and greater depths seaward. Distributions of other properties such as salinity, density, phosphate and silicate, and bio-optical estimates of particle densities (not shown) are also in good agreement with the average distributions presented by Hales et al. [2009] . These three sections are thus representative of the mean state of the front for the time period of study.
[16] Mixing in the water column is driven by turbulent energy, expressed here as the temperature variance turbulent dissipation rate, c T (Figure 3, top) , and limited by thermal stratification (the vertical temperature gradient, Figure 3 , middle). These distributions are, as in the case of the hydrographic parameters discussed above, consistent with previous observations of the front. The c T distributions show the pattern of elevated values at the surface relative to those at depth and of elevated values that penetrate deeper in the water column at the front as shown previously by Dillon et al. [2003] .
[17] The turbulent diapycnal mixing rates (k T , Figure 3 , bottom) are very high in waters at the shallow limits of the density transition zone, as expected because of surface energy inputs and reduced stratification. Within the thermocline, these mixing rates range from about 10 À6.5 m 2 s À1 , about a factor of 2 higher than thermal molecular diffusivity, to 10 À4.5 m 2 s À1 high relative to pelagic mixing rates [Lewis et al., 1986; Ledwell and Anderson, 2008] but within the range previously observed in coastal settings Dillon et al., 2003] Figure 4 . The nitrate gradient field is characterized by a broad maximum with peak values exceeding 0.5 mmol m À3 m À1 . This maximum gradient region, or nitricline, is closely collocated with the base of the density transition zone across the study region. It is significantly shallower than the 1% light level shoreward of the front and roughly collocated with the 1% light depth seaward of the front. Phosphate gradient distributions are similar to nitrate distributions; however, the phosphocline is displaced slightly shallower than the nitricline, and the maximum values found at those depths are slightly elevated over the maximum nitrate gradients when scaled by Redfield stoichiometry. Elevated phosphate gradients exist at depths at and above the pycnocline, even in conditions where the nitrate gradients are negligible. The silicate gradient distributions show a silicline that is also shifted upward in the water column relative to the nitricline and that reaches maximum values only about half of those seen in the nitriclines. Silicate gradients are notably weaker seaward of the front than shoreward.
[19] These composite nutrient flux distributions are illustrated in Figure 5 . These are strongly influenced by the highly variable k T distributions, with highest values generally found at depth, but the influence of the nutrient gradients is also apparent as well. Nitrate fluxes approach background levels at the pycnocline and above, while phosphate and silicate pass through a minimum at the pycnocline and show elevated values at shallower depths.
[20] While the gridded composite sections are useful for illustrating the general distributions of the properties of interest, we also present the fluxes through several hydrographically important surfaces. First, we chose the 1% light level as representative of the deepest horizon at which phytoplankton can maintain net consumption of nutrients [e.g., Marra, 2004] . Second, we chose the base of the density transition zone as a depth at which stability may favor enhanced photosynthetic activity in well-illuminated, nutrient-replete waters. Third, we examined the depths of each nutricline to evaluate the fluxes at the depths where gradients were maximal. Finally, we studied fluxes through the pycnocline, representing the shallowest barrier to mixing to the surface.
[21] Fluxes for each nutrient through these horizons are shown in Figure 6 . In all cases, fluxes through the pycnocline are lower than at any other horizon. For NO 3 À , flux through this horizon is lower than through any of the deeper horizons, but for PO 4 3À and Si, flux through the pycnocline approaches the fluxes through the nutriclines shoreward of the front. Fluxes through the three deepest horizons (the 1% light level, the base of the density transition zone, and the nutriclines) are low and similar seaward of the front for each nutrient. The most striking feature of all three nutrients' flux distributions is the strong increase in the flux through the 1% light level shoreward of the front. This increase approaches an order of magnitude or more over the lower fluxes seaward of the front.
[22] Examination of the fluxes through these horizons shows coherence among the nutrients. There are, however, differences in the flux ratios on the different horizons. The variations in flux ratios are independent of turbulent mixing estimates, as they were all calculated at the same location, and thus k T terms cancel out. This is illustrated in the flux-flux relationships shown in Figure 7 . At the depth of the 1% light level, where all fluxes are highest, nitrate is being transported upward in approximately Redfield proportion to phosphate but significantly in excess of the 1:1 nitrate to silicate ratio expected for phytoplankton communities dominated by nutrient replete diatoms. At the base of the density transition zone, these generalities persist, although the silicate fluxes have moved closer to the 1:1 line. Upon reaching the pycnocline, silicate and phosphate fluxes exceed Redfield proportionality to the nitrate fluxes. By this depth the nitrate is nearly exhausted, and nitrate gradients (and hence nitrate fluxes) are extremely small. But phosphate and silicate uptake apparently continues, albeit at much lower rates than at the deeper horizons.
Discussion
[23] We are certain that these fluxes are driven by biological uptake. The close coherence in near-Redfield proportions (Figure 7 ) between fluxes across the front, despite differing deep water silicate and phosphate concentrations , suggests that simple mixing between high-and low-nutrient water masses does not drive the fluxes. The strong depletion of the fluxes between the 1% light level and the pycnocline further suggests biological uptake: in order for this to be the result of physical mixing, complicated interleaving of water masses and current shear would be required. Examination of T À S relationships and ADCP velocity distributions during this study [Houghton et al., 2006 originating from shelf bottom boundary layer waters, following Barth et al. [1998] and Boss et al. [2001a Boss et al. [ , 2001b Boss et al. [ , 2004 ], which we do not believe is photosynthetically active material. Finally, the coincidence of a nitrite maximum with the 1% light level as shown by Hales et al. [2009] suggests active, albeit inefficient, photosynthetic nitrate uptake in low-light conditions [Lomas and Lipschulz, 2006] .
[24] The most significant finding from the preceding results is that the shoaled density transition zone shoreward of the front provides substantial overlap of significant nutrient gradients with elevated mixing rates within the euphotic zone. This leads to a large shoreward enhancement of vertical nutrient fluxes relative to seaward fluxes at the 1% light level, which begins immediately at the front. Fluxes through the 1% light level at and shoreward of the front averaged about 6 Â 10 À5 mmol NO 3 À m À2 s À1 (Table 1) . This is enough to support about 30 mmol C m À2 d À1 of net productivity if all the upward transported NO 3 À were consumed by phytoplankton. In contrast, the upward transport through the 1% light level seaward of the front is over five times less, only about 1 Â 10 À5 mmol m À2 s
À1
, enough to support a net productivity of about 5 mmol C m À2 d
, which approximates the low productivity of the Sargasso Sea inferred from time series of inorganic carbon at the Bermuda Atlantic Time-series Study site [Bates et al., 1996; Michaels et al., 1994] .
[25] The elevated nutrient fluxes through the base of the euphotic zone shoreward of the front are the result of the upward displacement of the density transition zone immediately shoreward of the front, while the euphotic depths penetrate below this zone of stratification. This results in increased mixing rates at the 1% light level shoreward of the front, and persistence of significant nutrient gradients to these depths results in large upward nutrient fluxes.
[26] The physical mechanism that maintains the separation between the base of the density transition zone and 1% light level shoreward of the front is unclear. Model studies [e.g., Gawarkiewicz and Chapman, 1992; Chapman and Lentz, 1994] and observations [e.g., Houghton, 1997; Houghton and Visbeck, 1998; Barth et al., 1998; Pickart, 2000; Barth et al., 2004] have suggested that the secondary circulation occurring at the shelf break front consists of convergent flow at the foot of the front and upwelling along the sloping isopycnals. The models suggest that secondary flow diverges at the top of the front and results in downwelling flow on either side of the front. This portion of the circulation cells has not been observed. From ADCP data, there is horizontal convergent cross-shelf flow at the depth of the along-slope jet [Pickart, 2000; Frantantoni et al., 2001; Flagg et al., 2006; Houghton et al., 2009] . Whether this convergent flow increases the strength of the jet or results in upwelling is not clear. With the data available, it is not possible to determine whether there is a significant convergence or divergence in the cross-slope flow that would indicate a vertical velocity as predicted in the models. Thus, on the basis of the model studies and field observations, we have no evidence to support vertical motions on the shoreward side of the front that would keep the base of the density transition layer and biomass layer above the 1% light level.
[27] Such a scenario requires discussion of the possible mechanisms whereby euphotic depths remain slightly shallower shoreward of the front than seaward (by only about 3 m), while the biomass maxima shoreward of the front is much shallower (by about 10 m). In other words, why does phytoplankton biomass not ''grow down'' into the favorable light and nutrient conditions at the base of the euphotic zone immediately shoreward of the front? Two possibilities come immediately to mind. The first is that grazers are active in the lower light levels below the biomass maxima, and phytoplankton biomass does not build to the high levels seen farther up in the density transition zone because of this increased loss term. Unfortunately, we had no zooplankton or grazing rate component in this study and cannot definitively comment on this possibility. Our measurements of ammonium (data not shown), however, showed no enrichments that might indicate enhanced grazing activity at these depths. Further, our own measurements of degraded phaeopigments (data not shown) did not imply a grazing source. Thus, we have no information indicating high grazing activity but cannot rule it out.
[28] The second possibility is the vertical variability of the physical mixing. Turbulent mixing rates at the base of the density transition zone are 1 -2 orders of magnitude smaller than they are at the 1% light level. It is easier for biomass to accumulate in the lower turbulence of the more stable density transition zone than at the base of the euphotic zone. Mixing rates at the base of the euphotic zone were in the range of 10 À4 -10 À3 m 2 s À1 . Very roughly, such mixing rates could move a parcel of water 10 m vertically in 0.5-5 days. These mixing timescales are similar to specific plankton growth timescales calculated for the irradiance levels and chlorophyll:C ratios observed in this study at the base of the euphotic zone (approximately 0.3 d
, following Behrenfeld et al. [2005] , Geider et al. [1997 Geider et al. [ , 1998 ], or Cullen et al. [1992] ). The similarity of the growth and transport times suggests that the high mixing rates at these depths may prevent biomass accumulation. In comparison, the specific growth rates are severalfold higher and the mixing rates are 1 -2 orders of magnitude lower in the range between the base of the density transition zone and the pycnocline, leading to conditions much more favorable for biomass accumulation.
[29] The majority of the nutrient uptake appears to be by nonsilicifying organisms. At the base of the euphotic zone, the average ratio of nitrate flux to silicate flux is about 3:1 (Figure 7) . Healthy, iron-replete diatoms take up about one nitrate for every silicate [Dugdale and Wilkerson, 1998 ], so this ratio suggests that diatoms are consuming at most only about a quarter of the nitrate flux. There appears to be no difference in this ratio across the front at this depth horizon.
[30] Nutrient fluxes fall off dramatically on shallower horizons. By the depth of the pycnocline, fluxes of all nutrients are a hundredfold lower than those seen at the 1% light level, regardless of position relative to the front. Seaward of the front, the flux decrease occurs mostly between the base of the density transition zone and the pycnocline, while shoreward of the front, the decrease comes mostly between the 1% light level and the base of the density transition zone.
[31] The small net fluxes at the pycnocline suggest that whatever biological uptake is occurring there is negligible in comparison to the net community productivity over the euphotic zone. Nonetheless, the distinct flux ratios at the pycnocline, the persistence of weak phosphate and silicate gradients above this depth, and the existence of low but detectable bio-optical signatures of backscatter and beam attenuation are suggestive of biological activity that is distinct from that driving the majority of the nutrient uptake. Bandstra et al. [2006] suggested that calcareous phytoplankton might be occupying these shallow depths on the basis of cross-frontal variations in carbonate chemistry and optical backscatter signals. Hales et al. [2009] suggested that nitrogen fixation might be occurring. The flux ratios shown in Figure 7 offer another possibility. The nitrate to silicate flux ratio at the pycnocline is about 0.8, suggesting a dominant role for silicifying organisms at this depth horizon. This is coincident with a distinctly non-Redfield nitrate to phosphate flux ratio of about 8 at this depth. Others have observed non-Redfield N:P uptake ratios by silicifying plankton, albeit at high latitudes [Arrigo et al., 1999; . Possibly, a small size fraction silicifying plankton assemblage is occupying this niche and disproportionately consuming phosphate relative to nitrate.
Conclusions
[32] Coincident high-resolution measurements were made of nutrient concentrations using the Lamont Pumping SeaSoar, and measurements were made of turbulent mixing using a high-frequency microstructure instrument (TOMASI). We were able to examine vertical fluxes through several hydrographic surfaces spanning the New England shelf break front. Large biological nutrient uptake occurred shoreward of the front, supported by vertical fluxes through the 1% light level that resulted from the juxtaposition of high mixing rates with elevated vertical nutrient gradients below the base of the density transition zone. The mechanism maintaining the separation between the 1% light level and the base of the density transition zone on the shoreward side of the front is not clear from the results of this study. Vertical nutrient fluxes through the 1% light level were low seaward of the front, where the 1% light level did not extend into waters with elevated mixing rates. Upward nutrient fluxes were almost entirely consumed by the time they reached the depth of the pycnocline, suggesting that most of the primary productivity available for export occurred in this depth range. Differences in flux ratios on these surfaces suggest the presence of a shallow community of silicifying phytoplankton that consumes phosphate in excess of Redfield proportion to nitrate, although their activity makes up only a tiny fraction of the net community productivity that could be supported by the upward nutrient fluxes at the base of the euphotic zone.
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